This study was conducted to evaluate the treatability of OMW (olive mill wastewater) with sewage and sewage sludge, which could supplement nutrients and microbes required for OMW treatment and reduce its possible toxicity. The amount of OMW added to an aeration tank was based on the loading difference between the designed and actual COD loads, while the amount added to anaerobic digestion for energy recovery was determined by CH 4 production. The COD removal efficiencies were 70 -85% for both systems. Compost of OMW with dried sewage sludge also showed a similar temperature profile without OMW addition. This strongly suggested that OMW can be treated at a sewage plant without pretreatment and the treated effluent can be reused in irrigation for an arid region.
Introduction
The Mediterranean countries produce about 98% of olive oil demand in the world (FAO, 2003) which is about 1.77 million tons per year. Tunisia produces about 10% of the world production resulting in approximately 340,000 m 3 OMW (olive mill wastewater) a year (CITET, 1999) .
Olive mill wastewater is the major waste produced from the extraction of olive oil. The disposal and treatment of this liquid waste has been a serious problem for the olive industry. The OMW represents 150 g/L COD, 10 g/L phenolic substances with 7 g/L potassium and little nitrogen. It has a very dark purple to black colour. Since only a small amount of OMW can be applicable to land (Kapellakis et al., 2005) , a large amount of OMW has to be properly managed to avoid environmental impact. The countries producing OMW have been looking for a proper treatment method, but OMW is still generally stored in a lagoon to evaporate and the final residue is used for fuel.
Since it has high organic contents, energy production with anaerobic digestion could be a solution, but it was found that anaerobic degradation is difficult without pretreatment of phenolic compounds such as catechol, 4-hydoxybenzoic acid, 2-(3,4-dihydroxy)phenylethanol, 3,4-dihydroxyphenyl acetic acid, and so forth (DellaGreca et al., 2004) . Thus, UV radiation (Beltran et al., 1999) , electrolysis (Israilides et al., 1997) , ozonation (Andreozzi et al., 1998) and other advance oxidation processes were proposed to remove this toxicity. Composting is one of the most promising options to transform OMW into a valuable organic amendment (Cegarra et al., 2000) .
This study was conducted to explore the possibility of treatment of OMW with sewage and/or sewage sludge under the assumption that sewage or sewage sludge could provide the nutrients and microbes required for OMW degradation and reduce the possible toxicity problems originating from phenol compounds with dilution. Both aerobic and anaerobic processes were applied. Further, another approach used in this study was the aerobic compost of OMW mixed with dried sewage sludge which is easily obtainable in an arid climate. Organic carbon as composted materials is also required to improve soil characteristics for control desertification.
The olive producing countries in the Mediterranean region are together studying OMW problems with an EU-funded project (INCO-MED programme) entitled "Mediterranean usage of biotechnological treated effluent", which includes different treatment approaches as follows : † Portugal: Aerobic treatment with Jet-Loop. † Italy: Application of fungal organism. † Morocco: Pretreatment at lagoon for 4 years followed by effluent treatment at municipal plant. † Tunisia: Anaerobic treatment with 25 m 3 pre-industrial digester.
Materials and methods
Small laboratory aerobic and anaerobic reactors were operated at Korea University in Seoul, Korea to evaluate the treatability of OMW with sewage and secondary sludge obtained from a sewage plant in Seoul, Korea. The OMW used was transported to Seoul from Gabes, Tunisia. Table 1 shows the characteristics of OMW reported (CITET, 1999) and measured for this study representing 150 g/L COD, which is in a higher range of OMW. The OMW used for this study was obtained from an industry using a two-phase olive oil extraction process.
The compost test was conducted with the sludge produced from the Gabes sewage treatment plant. The dried sludge was mixed with OMW to produce a C/N ratio of 29, and temperature variations of the test pile were compared under environmental conditions with other compost piles constructed at similar C/N ratios without OMW but with straws and animal manure. All chemical analyses were made in accordance with Standard Methods (1998) including colour which was measured by spectrophotometer (HACH DR/2010) with APHA platinum-cobalt method. In most cases, there are some extra capacities available in the actual operating conditions of sewage plants. The capacities designed are always larger than the actual, and the idea is why not to use this capacity for the treatment of OMW which is produced seasonally. A sewage treatment plant in Tunisia was designed at 200 mg/L BOD, but the actual influent BOD was around 100 mg/L. Thus, a laboratory study with activated sludge process was conducted with influent BOD of 100 mg/L and OMW was added to sewage to make 200 mg/L BOD which is about 500 mg/L COD. A cyclic aeration was applied on a basis of 12 hour HRT (hydraulic retention time) with on and off cycles (1 hour each). Average MLSS (mixed liquor suspended solid) and DO (dissolved oxygen) were respectively 4,000 mg/L and 5 mg/L.
Anaerobic system
A sequencing batch anaerobic digester was operated at 10 day HRT with a 24 hour cycle a day for this study. The amount of sewage or secondary sludge mixed with OMW was based on nitrogen demand required for anaerobic digestion for OMW. The anaerobic seed microbes were obtained from the sewage plant in Seoul. The influent was fed for about 12 hours while the digester was mixing. The mixing was continued for 6 more hours after feeding stopped to secure the contact with microbes and substrate. The remaining 6 hours were allocated for solid settling. By measuring the daily gas generated, the amount to be fed was gradually increased. MLSS, pH and temperature were 24,000 mg/L, 7.6 and 35 8C, respectively.
Composting
Three piles were prepared by mixing sewage sludge (SS) with straw (ST). One of them was prepared with OMW and sludge obtained from the activated sludge plant in Gabes. The OMW used for this pile was the same one used for the laboratory treatability study. The OMW was supplied by an industry located in Zarat (Gabes). The mixtures (about 2,500 kg) in pilot plants were composted in trapezoidal piles (1.5 m high with a base of 2 £ 3 m). The mixtures were prepared to obtain the following C/N: C1 ¼ 35, C2 ¼ 29 and C3 ¼ 30. Each pile was aerated from the sides through six holes by PVC tubes. The temperature inside the piles was measured twice a day with a temperature probe. The mixtures were sampled every week and C/N ratio was calculated. During the thermophilic stage piles were watered to maintain a moisture level between 55 and 65%.
Results and discussion
Aerobic system
The aerobic system was operated at a loading of 1.1 kg COD/m 3 /d as shown in Figure 1 . Before applying OMW, the influent COD was 100-250 mg/L and the effluent showed about 90% COD removal (Figure 1) . After the introduction of OMW, COD removal efficiencies were reduced to 84%, but the effluent was turbid due to the colour remaining. Generally, a complete nitrification was achieved during operation (Table 2 ).
An aerobic treatment study with Jet-Loop reactor in Portugal by Eusebio et al. (2005) showed 70% COD removal with an organic load of 2.4 -13.1 kg COD/m 3 /d, while the aerobic pre-treatment of OMW combined with treated sewage at 5 kg COD/m 3 /d showed about 30% COD removal (CITET, 1999) . Several aerobic microorganisms isolated from activated sludge from a municipal treatment plant were able to utilise phenolic compounds such as nonylphenol isomers as a sole carbon and energy source (Tanghe et al., 1999; Gabriel et al., 2005) , suggesting there is a high potential for aerobic treatment of phenolic compounds known to be toxic to microbes. This suggests that the OMW does not show any toxicity problem in an aerobic system. Figure 2 presents how methane gas (CH 4 ) was produced upon feeding. The gas production was gradually increased as the amount of OMW feed increased. It took about 3 months to reach a stable gas production as shown in Figure 3 , which shows total COD removal efficiencies including sewage, sludge and OMW added. The COD removal efficiencies of OMW feed was computed from the total daily gas production; subtracting the gas production from sewage and sludge fed which is about 0.3 L CH 4 /day from the total daily gas production. The gas production from OMW was assumed to be 0.32 m 3 CH 4 /kg COD removed in this computation. This resulted in 32 -34 m 3 CH 4 /m 3 OMW fed with 0.8 to 1.2 kg COD/m 3 /d. Gas composition was generally 65% CH 4 , 31% CO 2 , 3.6% H 2 , 0.3% N 2 and 0.06% H 2 S. Marques (2001) studied anaerobic treatment of OMW mixed with treated effluent of piggery waste. The treatment system coupled with biofilm showed about 70 -80% conversion of COD into CH 4 with a load of 1-10 kg COD/m 3 /d. The digested effluent was not toxic, was environmentally safe and suitable for irrigation. The CITET (1999) and CBS (Center for Biotechnology at Sfax, Tunisia) ) also studied anaerobic digestion, but they used aerobic treatment and electrical coagulation as pretreatment to remove the toxicity problem from OMW prior to introducing OMW to an anaerobic reactor. Anaerobic treatment with activated carbon showed 58% COD removal with a load of 33 kg COD/m 3 /d (Bertin, 2004) . If influent COD of OMW was assumed to be 150 g/L for both CITET and CBS studies, it can be estimated that the volume of biogas productions per volume of feed are respectively 25-30 times for CBS and CITET, while 50 times for this study with sewage sludge. Further, it was estimated that the digesters were operated at 1.3 kg COD/m 3 /d and 16 kg COD/m 3 /d, respectively, for CITET and CBS, respectively. This suggests that this study with sewage sludge is more beneficial. The reason this study was successful with anaerobic digestion would be due to the nutrients as well as denitrifiers, sulphate reducing bacterial, and/or methanogenesis present in sewage sludge that have been known to degrade phenolic compounds under anaerobic conditions (Young and Rivera, 1985; Fedorak and Hrudey, 1986; Bossert et al., 1989; Genthner et al., 1989; Zhou and Fang, 1997) .
Anaerobic system

Effluent of aerobic and anaerobic systems
The effluent from anaerobic system was a dark colour, which can be effectively removed by chemical coagulation with alum ( Figure 4) . Without colour removal, the bio-liquid generated from the anaerobic system could be applicable to the land, since the remaining colour was not hazardous to plants and soil (Marques, 2001) . With chemical addition, the effluent from the anaerobic digester could be discharged with COD less than 100 mg/L which is allowed for irrigation in Tunisia, as shown in Table 1 . The treated effluent from the aerobic system also produces dark colour with the addition of a small amount of OMW, and the addition to the aerobic system was not recommended. The temperature increased quickly at the beginning of the process to thermophilic values. Three piles reached a temperature between 60 and 70 8C within 10 days from the start-up ( Figure 5 ). It has been indicated in other composting studies (Paredes et al., 2005) that when thermophilic values are reached it contributes to sterilisation and sanitation of the end-product due to pathogen weed and seed reduction. Results indicate that the OMW was degrading without toxic problems.
Integrated system Figure 6 shows a summary of treatment schemes applicable for OMW, which provides two different directions, either for water reuse or total reuse. Colour removal would be required for the water reuse, but not for the total reuse. Considering the OMW is produced during the winter period from many scattered places in an arid region, composting would be the most practical solution, since bulking agents are also easily available during this period. Animal wastes such as chicken and sheep manures, including human urine, could be a source of nitrogen if sewage sludge is not available. For areas with a large production of OMW, anaerobic digestion combined with sewage sludge can be proposed. It was estimated that anaerobic digestion of 20 m 3 /d of OMW could produce CH 4 gas to generate enough electricity to operate a sewage plant with a capacity of about 15,000 m 3 /d as well as production of sludge which could be utilised as bio-liquid or bio-solid. The OMW is not a waste, rather it is a valuable energy and carbon source for the development of sustainable arid regions. The problem to consider would be the impurities of sewage sludges available. If there is any chance of being contaminated with heavy metals and organic chemicals, precautions must be taken as to whether the regulated standards are achievable or not. The current regulations (Brinton, 2000) are very stringent for sandy soils, which may be a common soil type in arid regions.
Conclusion
The OMW consists of less nitrogen with high organics and polyphenol which have been known to be hazardous to plants and soil. This study was conducted to evaluate OMW treatability with sewage and sewage sludge, which could supplement nutrients and microbes required for OMW treatment and reduce its possible toxicity. The amount of OMW added to an aeration tank was based on the loading difference between the designed and actual conditions, while the amount added to anaerobic digestion was determined by CH 4 production for energy recovery. The following conclusions could be drawn:
† The OMW could be treated at a sewage plant without pretreatment. The COD removal efficiencies were 70-85% for both treatment systems. Further, the compost of OMW with dried sewage sludge also showed a similar temperature profile without OMW addition. This strongly suggested that sewage sludge can be a source of nutrient and microbes required for OMW degradation. † The effluent from anaerobic treatment was produced as a dark black colour, which could be removed by chemical coagulation. The effluent from aerobic treatment was turbid due to the remaining colour. † The OMW can be a useful material when it is converted to energy and water to be reused in irrigation. However, further studies must be conducted on the safety of application of the recycled sewage sludge mixed with OMW to agricultural areas, since there are possibilities that the sewage sludge contains heavy metals and organic chemicals. Figure 6 General schemes of treatment and reuse for OMW with sewage sludge
